The aim of this study was to investigate the vertical organization of axons and pyramidal cells in area 18, and to compare it with that in area 17. In area 18 there are regularly spaced vertical bundles of myelinated axons that have an average center-to-center spacing of 21 µm. This arrangement of axons resembles that in area 17. Pyramidal cells in area 18 and their apical dendrites are less regularly arranged. The apical dendrites of the pyramidal cells of layer 6A aggregate with those from layer 5 pyramids to form swathes of apical dendrites that pass into layer 4. There they are joined by the apical dendrites of the small layer 4 pyramids, so that much of the neuropil of layer 4 is occupied by apical dendrites. Most of these apical dendrites form their terminal tufts in layer 3. Very few of them reach layer 1, which is dominated by the apical dendrites of layer 2/3 pyramids. Thus, there are two tiers of apical dendrites and their apical tufts, a deep one formed by the layer 4, 5 and 6 apical dendrites that terminate in layer 3, and a second one formed by the apical dendrites of layer 2/3 pyramids that terminate in layer 1. In contrast, in area 17 the apical dendrites of layer 5 pyramids form discrete clusters that have a center-to-center spacing of 23 µm. These clusters are joined by the apical dendrites of the layer 2/3 pyramids and all of these apical dendrites form their apical tufts in layer 1. Based upon the dispositions of the apical dendrites of the pyramidal cells in area 17 and 18, we speculate that the influences of, and the interactions between, the feed-forward and feed-back signals in the two areas are quite different, because in the two areas different postsynaptic targets are available to these afferents.
Introduction
In recent years interest in the visual system has shifted from area 17 to the areas that come later in the visual stream. One of these areas is area 18, which is adjacent to and surrounds most of area 17, the primary visual cortex. Area 18 is the main recipient of the efferent output from area 17, and is the principal relay in transmission of signals to later visual areas. Use of cytochrome oxidase (CO) staining has shown that in both areas there is a striking segregation of functional domains. In area 17 CO staining reveals a pattern of blobs that are prominent in the upper layers of the cortex, as well as a lattice of staining within layer 4A (e.g. Horton and Hubel, 1981; Peters and Sethares, 1991b; Wong-Riley, 1994) . In area 18, on the other hand, there is a repeating pattern of CO stripes. Three kinds of stripes have been described in the macaque, alternating darkly staining thick and thin stripes, which are separated from each other by pale stripes. The stripes run perpendicular to the area 17/18 border (e.g. Livingstone and Hubel, 1982; Tootell et al., 1983; Wong-Riley and Carroll, 1984; Hubel and Livingstone, 1987; Tootell and Hamilton, 1989; Wong-Riley, 1994) , and the response properties of the neurons in the various stripes of area 18 resemble those of the cells in the neuronal compartments of area 17 that provide the dominant input to them (e.g. Tootell et al., 1983; DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Hubel and Livingstone, 1987; Livingstone and Hubel, 1987; Tootell and Hamilton, 1989; Levitt et al., 1994a; Malach et al., 1994; Roe and Ts'o, 1995) . In area 18, these CO-defined zones, or components of them, are also identifiable with myelin stains (Krubitzer and Kaas, 1989) and in tissue that has been exposed to Cat-301 antibody (DeYoe et al., 1990) .
Despite the increased interest in area 18 in recent years, very little is known about the kinds of neurons present within it, other than the information available in the descriptions of Golgi impregnated neurons by Valverde (1978) and Lund et al. (1981) , and of the distribution of the large neurons visualized by an antibody to neurofilament protein, SMI 32 by Hof and Morrison (1995) . Virtually nothing is known about how the neurons in area 18 are arranged and how their organization differs from that of the neurons in area 17.
In area 17 our studies suggest that the pyramidal cells are organized into vertical aggregates, or modules, which are centered around the clusters of apical dendrites from layer 5 and layer 2/3 neurons, and that the efferent axons from each module aggregate into vertical bundles (Peters and Sethares, 1991a; Peters and Sethares, 1996) . However, it is important to recognize that this is a conceptualization, or model view of the organization of neurons in area 17. We stress this point because there are variations in the spacing between adjacent apical dendritic clusters and adjacent myelinated axon bundles, as well as in the numbers of dendrites in clusters and of axons in bundles. Thus, all pyramidal cell modules in the area 17 are not identical, and it is not proposed that they have distinct boundaries, as they might have in a strictly regular lattice. But it does seem likely that these pyramidal cell modules represent the basic structural aggregations of neurons in the cortex, and that they may be equivalent to the functionally defined minicolumns that Mountcastle proposed to be the smallest units of cortical organization (see Mountcastle, 1978) . Obviously, the basal dendrites of the pyramidal cells spread well beyond the boundaries of such modules.
The present study was carried out to determine if similar identifiable pyramidal cell modules exist in area 18 of the macaque visual cortex, or whether the vertical neuronal organization is based upon a more coarse arrangement of the neurons. It can be suspected that there is a considerable difference, because in area 17 there is a much more complex layer 4 than in area 18. Moreover, any functional groups of neurons in area 18 are likely to be larger than those in area 17, as can be readily appreciated from the fact that the CO blobs in area 17 each have diameters of ∼200 µm, yet their constituent neurons project to the thin CO stripes of area 18, which are ∼1 mm wide and extend over the width of area 18. Also, the receptive fields of individual neurons are larger in area 18 than in area 17 Tootell and Hamilton, 1989) . As will be shown, area 18 contains regularly arranged vertical bundles of myelinated axons similar to those in area 17.
However, instead of being in discrete clusters, as they are in area 17, the apical dendrites from the infragranular layers of area 18 form large aggregates. This results in area 18 having a neuronal organization that is quite different from that in area 17, or for that matter any other neocortical area in which the arrangement of neurons has been so far examined.
Materials and Methods

Fixation of Tissue
Cortical tissue was taken from eight normal, mature, rhesus monkeys (Macaca mulatta) that were used primarily for other investigations, not involving the visual system. For the labeling with antibodies, pieces of cortex were taken from brains that had either been fixed by perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.3, or fixed by immersion in this fixative after the blood had been washed out by perfusion of the brain with a Kreb's buffer. This formaldehyde fixed tissue was also used for myelin stains.
For the preparation of plastic sections for either light or electron microscopic study, pieces of cortex were removed from brains that had been fixed by intracardial perfusion with 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer at pH 7.3. This tissue was stored in solutions containing twice the above concentrations of aldehydes, cut into small pieces, or sectioned, then osmicated and embedded in Araldite.
Tissue Examined
The portion of area 18 examined in this study in shown in Figure 1 . It is inside the lunate sulcus and corresponds to the dorsal portion of V2, which begins as a thin strip on the outer, or opercular, surface of the occipital pole, where is abuts area 17, and extends towards the bottom of the lunate sulcus. There it borders on V3, which is also part of the classical area 18 (see Gattass et al., 1981; Stepniewska and Kaas, 1996) . For the various staining and labeling procedures, the pieces of occipital cortex that were taken included both areas 17 and 18. When such pieces of cortex are sectioned in the horizontal plane relative to the location of the tissue in the brain, i.e. in the plane shown in Figure 1 , both area 17 and 18 are sectioned vertically. To obtain sets of horizontal sections through area 18, the pieces of cortex were sectioned parallel to its pial surface.
Since it is not possible to ascertain the locations of the various stripe compartments in area 18 without the use of CO staining, which would compromise processing tissue for antibody labeling and for electron microscopy, tissue samples were taken from locations optimal for the specific technique and sectioning plane that needed to be used. This approach appears to be justified because our observations suggest that the only structural differences between the CO stripe compartments might be in the frequency of horizontal myelinated fibers.
Antibodies
The following antibodies were used in this study.
Antibodies to MAP2
Antibodies to microtubule-associated protein 2 (M AP2) recognize microtubules in dendrites and the cell bodies of neurons. The antibodies used were a monoclonal antibody (MAP5F9) kindly supplied to us by Dr K.S. Kosik (Department of Neurology, Har vard Medical School and Brigham and Women's Hospital, Boston, MA) and a mouse anti-MAP2 monoclonal antibody (AP20) purchased from Boehringher-Mannheim (Indianapolis, IN).
Antibody to Neurofilament Protein
This monoclonal antibody to neurofilament protein (SMI 32) (Sternberger Monoclonals, Baltimore, MD) recognizes the two non-phosphorylated subunits of the neurofilament protein (Sternberger and Sternberger, 1983; Hof and Morrison, 1995) .
Antibody to Myelin Basic Protein
This monoclonal antibody to mouse myelin basic protein (SMI 99) recognizes the basic protein in myelin sheaths.
Cat-301 Monoclonal Antibody
This antibody, which was a gift from Dr Susan Hockfield (Section of Neuroanatomy, Yale University School of Medicine, New Haven, CT), recognizes a chondroitin sulfate proteoglycan that is usually located on the surface and extracellular matrix around the cell body and proximal dendrites of some neurons, as well as in the neuropil in some parts of the ner vous system (e.g. Hockfield et al.,1983) . It delineates neurons contained within the thick CO stripes in area 18 (DeYoe, et al., 1990) .
To perform reactions with these antibodies for normal light microscopy, vibratome sections were used, some taken in the vertical plane and others in the horizontal plane relative to the cortical surface. The sections were rinsed in buffer or in buffered saline and preincubated in normal goat serum containing Triton-X. Sections were then transferred to the appropriate antibody solutions and incubated either overnight or for 48 h in the cold. The binding sites were visualized using diaminobenzidine (DAB), after which the sections were rinsed in osmic acid to enhance the staining, and mounted in glycerine on glass slides.
For confocal microscopy using double labeling with the MAP2 and the myelin basic protein antibodies, the sections were first incubated in the myelin basic protein antibody, which was then bound to a goat anti-mouse IgG (H + L) FITC conjugate (Jackson ImmunoResearch Laboratories Inc.). The sections were then blocked using an goat anti-mouse IgG fab unconjugated fragment before immersing the sections in the Boehringer-Mannheim mouse MAP2 antibody (AP20) that was subsequently bound to a goat anti-mouse IgG rhodamine conjugate. Sections were examined in a Leica confocal microscope, and the images printed using a Kodak DS 8650 printer.
Myelin Staining
To stain myelin for light microscopic examination the method described previously in Peters and Sethares (1996) was used. This involves immersing vibratome sections in horse serum and revealing the binding sites of the serum with the DAB reaction. The reaction is then intensified using a gold-substituted silver intensification procedure (Gorcs et al., 1986) , so that the myelin appears black. The sections were mounted in glycerine on glass slides.
Some sections were taken in the vertical plane, and sets of serial sections were taken in the horizontal plane. These latter series were used to both examine the fiber distribution and to make counts of the frequency of vertically oriented bundles of myelinated axons. To determine the frequency, sections of the level of layer 4 were photographed using a ×25 objective and the counts made on prints with a final magnification of ×680.
Electron Microscopy
A number of photographic montages were made from thin sections passing horizontally through layer 4 of area 18. Tissue was taken from the cortices of two monkeys and prints at a magnification of ×4000 were analyzed to determine the distribution both of the profiles of dendritic shafts, which contain the microtubules that label with MAP2, and of the profiles of myelinated axons. The results of the analysis were then transferred onto a digitized image of a ×2000 magnification electron micrograph of the field. The micrograph had been scanned into Adobe Photoshop 3.0 running on a 8100 Power Macintosh computer.
Results
Background
On the exposed opercular surface of the lunate sulcus, area 18 is ∼1 mm thick, and as it extends inwards to form the outer wall of the lunate sulcus it gradually become thicker, to eventually achieve a thickness of ∼1.4mm (see Fig. 1 ). In Nissl-stained preparations (Fig. 2 ) area 18 is characterized by a prominent layer 4 that is between 100 and 160 µm thick, and it shows very small, closely packed neurons disposed in vertical strings.
The outside of the cortex is occupied by the cell sparse layer 1, and beneath it is layer 2/3, which is 600-800 µm thick. In layer 3 two sublayers can be recognized: layer 3A has medium sized neurons, while throughout layer 3B there are groups of large There it gives way to area 18 (straight arrow), the site of transition being marked by the change from the complex layer 4 in area 17 to the more simple, well defined, darkly stained layer 4 in area 18. Note that in 18 the infragranular layers, 5 and 6, increase in thickness as area 18 extends further into the lunate sulcus. ×18. pyramidal cells that are displayed in preparations labeled with the antibody SMI 32. The antibody shows some of the neurons to be isolated, and others in groups (Fig. 3 ). There appears to be no organized pattern to their distribution and it is apparent from the SMI 32 labeling that the cell bodies of some large pyramidal cells are even present in the upper part of layer 4, as well as in layer 2.
The border between layers 4 and 5 can be readily recognized because of the difference between the closely packed, small neurons of layer 4 and the more loosely packed and slightly larger neurons that make up most of the population in layer 5. Close to the lip of the lunate sulcus, layer 5 is ∼150 µm thick, but deeper in the sulcus it gradually increases in thickness to ∼300 µm (see Fig. 1 ). Layer 5 contains a few large, isolated pyramidal cells that are labeled with the SMI 32 antibody and these are either the same size, or somewhat bigger than those in layer 3B.
Like layer 5, layer 6 also gradually becomes thicker as area 18 extends into the depths of the lunate sulcus, and it has two sublayers. Layer 6A contains neurons with slightly larger cell bodies that those in layer 5, and in layer 6B most of the neurons are intermixed with the myelinated fibers in the upper stratum of white matter.
In agreement with the results obtained by DeYoe et al. (1990) , it was found that the Cat-301 antibody preferentially outlines some pyramidal and multipolar neurons in layers 5 and 2/3 of area 18. Most of them are large neurons, similar in shape to those labeled by the SMI 32 antibody, but there are also some smaller, and usually less strongly labeled neurons. In both vertical and horizontal sections the Cat-301 labeled neurons occur in patches that correspond to the thick stripes of the CO staining pattern in area 18 (DeYoe et al., 1990) .
MAP2 Labeled Material
General Description An MAP2 labeled vertically oriented section through area 18 is shown in Figure 4 . The most prominently stained neurons are in layer 2/3, and especially in layer 3B where the large pyramidal cells are located. The other pyramidal cells in layer 3 are medium sized, and the cell bodies of these neurons become gradually smaller as the pial surface is approached. Many of the pyramidal cells in layer 2 and 3 have quite thick and strongly labeled apical dendrites that form aggregates as they pass towards layer 1 (Fig. 4, arrows) . In contrast to the upper layers, the labeling of neurons in layers 4-6 is paler, although the few isolated large pyramidal cells in layer 5 are usually heavily stained and their apical dendrites can sometimes be followed into layer 1.
It has to be emphasized that on the basis of preparations labeled with a MAP2 antibody, it is only possible to evaluate the organization of the pyramidal cells, since these are the only neurons that can be identified with certainty on the basis of their apical dendrites. Hence the following account considers only the organization of pyramidal cells in area 18, and since the apical dendrites extend outwards, the description will begin with layer 6.
Layer 6A. In layer 6A the majority of neurons are medium sized pyramidal cells. Their cell bodies, which tend to occur in groups and are ∼15 µm in diameter, are basically spherical in shape. In vertical sections it is seen that for the initial part of their trajectory the apical dendrites often pass obliquely (Fig. 5,  arrow) , before bending to follow a vertical path and to join other apical dendrites to form bundles (Fig. 5, b ) that pass through layer 5. There they appear to segregate the cell bodies of the neurons into vertically oriented groups. As they continue to ascend and pass into layer 4, the apical dendrites within the bundles gradually become thinner, which is consistent with the obser vation that in Golgi preparations these apical dendrites branch and form their apical tufts in layer 3 (Valverde, 1978; Lund, 1981) .
In horizontal sections through layer 6A (Fig. 8) the neuropil between the cell bodies contains many darkly labeled profiles of thick dendrites (Fig. 8, d ) that are derived from layer 6A pyramidal cells located below the level of the section. Some of the apical dendrites are in groups (Fig. 8, d 1 ) , which represent the beginnings of the bundles of apical dendrites that can be seen to arise from the layer 6A pyramidal cells in vertical sections (see Fig. 5 ).
Layer 5. In vertical sections it is evident that the cell bodies of the general population of pyramidal cells in layer 5 are slightly smaller than those of layer 6A, and their apical dendrites are more slender (Fig. 5) . The cell bodies of the layer 5 pyramidal cells appear to be segregated into vertical strings by the bundles of layer 6A apical dendrites, and the apical dendrites of the layer 5 pyramidal cells in such strings aggregate to form clusters (Fig.  5, c) . The term 'clusters' will be used to distinguish them from the bundles (Fig. 5, b) formed by the layer 6A apical dendrites. The clusters vary in size, depending upon the thickness of layer 5, and most of the clusters coalesce with the bundles of apical dendrites from the layer 6A pyramids to produce swathes of ascending apical dendrites (Fig. 5, s ) that pass into and through layer 4, between the cell bodies of the small layer 4 neurons.
As is evident in Nissl-stained and SMI 32 labeled preparations, the isolated giant pyramidal cells in layer 5 are not very frequent (Fig. 9, N) . They have spherical or conical cell bodies and an apical dendrite that sometimes can be seen to ascend to layer 2 before forming its apical tuft. Such neurons also have well developed basal dendrites (Fig. 9 ) that extend as far as 500 µm horizontally within layer 5.
In horizontal sections the layer 5 neurons have rounded cell bodies (Fig. 9, n) , and are dispersed in a neuropil that contains bundles of cross-sectioned apical dendrites (Fig. 9, b) . In the lower part of layer 5 most of the apical dendrites in the bundles have diameters of 1.5-2 µm and are derived from the layer 6A pyramidal cells. But in the upper part of layer 5 some thinner dendrites with diameters of ∼1 µm are also present. These thinner apical dendrites originate from the layer 5 pyramids.
Layer 4. Layer 4 is very variable in thickness, and since its neurons are the smallest ones within this cortex they can be easily recognized in MAP2 labeled preparations (Figs 4-6) . Most of the small neurons in layer 4 appear to be pyramidal cells, as evidenced by the very thin apical dendrites that emerge from the tops of their cell bodies (Fig. 5, arrowheads) . However, this layer also contains a scattering of medium sized pyramidal cells, and even a few large pyramidal cells. As far as can be determined, the apical dendrites of the pyramidal cells in layer 4 do not form separate aggregates, but seem to join the general population of apical dendrites that pass through layer 4 to enter layer 3.
In horizontal sections layer 4 is seen to contain groups of lightly stained cell bodies of many small neurons. They have diameters of ∼10 µm (Fig. 10 ) and are interspersed with aggregations of darkly stained, cross-sectioned apical dendrites (Fig. 10, ap) . These dendrites have diameters between 1 and 2 µm and as revealed in vertical sections, they are derived from the layer 6A and layer 5 pyramidal cells. The aggregations of apical Figure 4 . This section passes through the entire depth of the cortex and the layers are indicated on the left. Darkly labelled pyramidal cells are visible thoughout layer 2/3 and their apical dendrites can often be seen to aggregate (arrows) as they ascend towards layer 1. In this preparation the labeling in layers 4-6, compared to other layers, is relatively light. ×170. Figure 5 . Layers 6A through 3B. The apical dendrites of the layer 6A pyramids often emerge at an angle (arrow) before joining other dendrites to form bundles (b). The apical dendrites of the smaller layer 5 pyramids also aggregate to form clusters (c). These two kinds of aggregates often come together to generate swathes (s) of apical dendrites that pass through layer 4. This causes the cell bodies of the layer 4 neurons, which are mostly small pyramidal cells with thin apical dendrites (arrowheads), to become arranged into vertical strings. Note the large pyramidal cell in layer 3B, at the upper right. ×680. Figure 7 . Layers 3A through 1. All of the pyramidal cells and the apical dendrites are darkly labeled. There is a gradual diminution in the sizes of the cell bodies at the higher levels of the cortex, and all of the apical dendrites appear to reach layer 1. ×420.
Figures 8 and 9. Horizontal sections through successive levels of area 18 labeled with the MAP2 antibody. ×900. Figure 8 . In layer 6A the pyramidal cells have medium sized cell bodies (n), and in the neuropil are the dark profiles of their apical dendrites (d). Some of these apical dendrites have aggregated into bundles (d 1 ). Figure 9 . In layer 5 the cell bodies of the large isolated pyramidal cells are visible (N). The other pyramidal cell bodies (n) are smaller than those of layer 6A and in the neuropil the profiles of bundles of layer 6 apical dendrites (b) are apparent, intermixed with a meshwork of horizontally oriented dendrites.
Figures 10 and 11. Horizontal sections through successive levels of area 18 labeled with the MAP2 antibody. ×900. Figure 10 . In layer 4 there are numerous cell bodies of neurons (n), and the neuropil between them is largely occupied by aggregates of the layer 6A and layer 5 apical dendrites (ap). The pale frothy areas (asterisks) are the locations of the vertical bundles of myelinated axons. Figure 11 . In layer 3B the cell bodies (n) are larger than in layer 4, and in addition to the aggregates of apical dendrites of the layer 4, 5 and 6A pyramids (ap) there are some larger profiles (ap 1 ) that represent the bases of the apical dendrites of the layer 3B pyramids. Thick basal dendrites of the large layer 3B pyramids (bd) are also evident in the neuropil.
dendrites (Fig. 10, asterisks) that pass vertically through this cortex.
Layer 3B. In vertical sections layer 3B is very obvious because of the presence of the large pyramidal cells (Fig. 6) , some of which have cell bodies that are 20 µm in diameter. Their gradually tapering apical dendrites remain quite thick as they ascend towards layer 1, and their basal dendrites are also obvious as they descend obliquely from the base of the perikaryon to extend into layer 4. The other pyramidal cells of layer 3B are smaller. Their cell bodies, which are between 12 and 15 µm in diameter, are scattered throughout layer 3B, and the thickness of their apical dendrites is largely proportional to the size of the cell body. Since they are darkly labeled, it is evident that the apical dendrites of several pyramidal cells whose cells bodies are in a group may aggregate as they ascend towards layer 1 (Fig. 6, Ap) .
Passing from layer 4 towards layer 3A, the swathes or aggregations of the apical dendrites that have ascended from the lower layers of the cortex (Fig. 5 , s) begin to taper (Fig. 6 ), presumably because, as Golgi preparations show, most of the apical dendrites of the pyramidal cells in layer 6A through 4 form their terminal tufts in layer 3 and do not reach the outer layers of the cortex.
In horizontal sections through layer 3B (Fig. 11 ) the aggregates of cross-sectioned apical dendrites apparent in layer 4 are still present (Fig.11, ap) , but the aggregates are larger than in layer 4 (Fig. 10 ) and they contain a greater proportion of small diameter dendrites (Fig. 11) . This is because the layer 4 apical dendrites are added to the aggregates and because many of the apical dendrites of the layer 5 and 6 pyramids are forming their apical tufts. In layer 3B some large profiles of darkly stained apical dendrites also make an appearance (Fig. 11, ap 1 ). These profiles can be 5 µm in diameter and represent the bases of the apical dendrites of the pyramidal cells of layer 3B. The other obvious components of the neuropil are the thick basal dendrites of the layer 3B neurons that pass obliquely (Fig. 11, bd) , crisscrossing among the aggregates of the ascending apical dendrites.
It is pertinent to mention here that examination of a set of serial sections taken in the horizontal plane and labeled with SMI 32, which displays the cell bodies and dendrites of those large neurons (Fig. 3) , indicated that both the cell bodies of the large layer 3 pyramidal cells, and the cross sections of their apical dendrites, are neither evenly spaced, nor show any obvious systematic arrangement.
Layers 3A and 2. In the upper layers of the cortex, vertical sections show many darkly labeled medium and small pyramidal cells with apical dendrites that ascend towards layer 1 (Fig. 7) . The overall staining becomes darker as layer 1 is approached (see Fig. 4 ) because of the increasing frequency of labeled apical dendrites, many of which branch in the upper portion of layer 2 before they enter layer 1.
When horizontal sections through layer 2 and 3A (Fig. 12 ) are compared with ones from layers 3B (Fig. 11) the difference is dramatic. The aggregates of small diameter apical dendrites that are so obvious in horizontal sections through layers 3B have largely disappeared in layers 2 and 3A, because as Golgiimpregnated material reveals (Valverde, 1978; Lund et al., 1981) the apical dendrites of most of the pyramidal cells in layers 6A, 5 and 4 form their terminal arbors in lower layer 3. Thus, instead of the swathes of thin apical dendrites, the neuropil of layers 2 and 3A is dominated by cross sections of large, darkly stained apical dendrites of the layer 3 pyramidal cells (Fig. 12, ap) . Many of the profiles of these apical dendrites are 3-5 µm in diameter. They are not homogeneously distributed through the neuropil, but tend to occur in groups, which presumably represent the groups of ascending apical dendrites apparent in the vertical sections (Fig. 6, Ap) . Layer 1. In the MAP2 labeled preparations (Fig. 4) layer 1 is very darkly stained because of the mass of apical dendrites that form their terminal tufts within it. The profiles of these labeled dendrites tend to be obliquely sectioned in both the vertical and horizontal sections.
Myelin Stained Preparations
Vertical Sections
In myelin stained preparations of vertical sections through area 18 (Fig. 13) there is a prominent band of horizontally oriented myelinated fibers within layer 1B and the top of layer 2. In layer 2 and layer 3A the staining is light, but in layer 3B vertically oriented bundles of fibers begin to appear. These bundles gradually thicken, so that they are very obvious in layer 4 (Fig. 5,  arrows) ; the bundles descend through layers 5 and 6 to enter the white matter.
Horizontal Sections
In layer 3B, at the level of the outer band of Baillarger, many horizontal fibers pass through the neuropil and only small tufts of vertical fibers are encountered. But at the layer 3B/4 border well-defined bundles of vertically oriented fibers are evident, and these appear to be joined together by a network of criss-crossing horizontal fibers. In layer 4, however, which is the only level that will be illustrated, the frequency of horizontal fibers decreases and compact, regularly spaced, well-defined, bundles of vertically oriented fibers are encountered (Fig. 14, arrows) . These vertical bundles persist through layer 5, where horizontally oriented fibers again increase in frequency. At the same time, the fibers in the vertical bundles become more loosely arranged. This, together with the increase in the frequency of horizontal fibers, continues through layers 5 and 6, so that any regularity of organization become less apparent in the deepest layers of the cortex.
This regular arrangement of the vertically oriented myelinated fibers into bundles at the level of layer 4 is also apparent in semi-thick and in thin (Fig. 17) plastic sections taken in the horizontal plane.
Frequency and Regularity of Myelinated Axon Bundles
Horizontal sections, 50 µm thick, were taken through layer 4 of area 18 from four different monkeys and stained with the myelin stain for light microscopy (see Fig. 14) . Two photographs were then taken from different parts of the sections so that two counts could be made of the numbers of bundles of vertical myelinated fibers per square millimeter of section area for each animal. The results are given in Table 1. In the four monkeys the mean counts ranged from 2718 to 2865 myelin bundles per mm 2 , with a total mean value from the four monkeys of 2791 bundles (SD ± 124) per mm 2 .
To determine the regularity of distribution of these axon bundles a nearest-neighbor analysis was carried out using the Figure 12 . Horizontal sections through successive levels of area 18 labeled with the MAP2 antibody. ×900. In layer 2/3 the aggregates of apical dendrites from the layer 5 and 6A pyramids are no longer evident. Instead the neuropil between the neuronal cell bodies (n) is largely occupied by the large profiles of the apical dendrites of layer 3B and 3A pyramids (ap), which tend to aggregate as they ascend through the cortex. Very few small diameter apical dendrites remain at this level. Figure 13 . Vertical section through area 18 stained for myelin. Note the horizontal bands of fibers at the levels of layer 1B, 3B and 5, and the vertically oriented bundles of fibers (arrows) that begin in layer 3 and thicken as they descend towards and into the white matter (wm). ×95.
photograph of a myelin stained section through layer 4 from the monkey with the code label of BM-48. As will be seen in Table 1 , area 18 of this monkey has 2818 vertical bundles of myelinated axons per mm 2 . The center of each myelin bundle was marked on the photograph and values obtained for the center-to-center spacing between the nearest neighbors of 144 axon bundles. An analysis was carried out using the method of Wässle and Reiman (1978) , in which the measured nearest center-to-center spacings of the bundles are plotted together with the center-to-center spacings of a randomly distributed set of 2818 objects occupying 1 mm 2 . The result is shown in Figure 15 . Since the histogram and the curve for the theoretical random distribution do not coincide, it is evident that the vertical axon bundles have a non-random distribution. Another measure of the regularity of the disposition of a set of objects is the ratio of the mean nearest-neighbor distance to SD, since the higher this ratio, the more regular the distribution pattern (Wässle and Riemann, 1978) . For the axon bundles the ratio is 4.8, which indicates that the distribution pattern of the axon bundles is quite regular, like that of the axon bundles in area 17 for which the ratio is 5.6 (Peters and Sethares, 1996) , a value similar to that obtained by Wässle and Riemann (1978) for the regularly arranged A-type horizontal cells and the central cones of the cat retina.
Given that the axon bundles are regularly arranged and using the mean value of 2791 bundles/mm 2 from Table 1 , in a theoretical model each bundle would occupy the core of a cylinder with a diameter of 21 µm, which is also the value of the mean center-to-center separation between bundles.
The Relationship Between Axon Bundles and Apical Dendritic Aggregates
Although the aggregates of ascending apical dendrites of the layer 5 and 6 pyramidal cells can be examined with MAP2 antibodies and the vertical axon bundles with myelin stains, such preparations do not reveal any systematic spatial relationship between these two vertical oriented entities. To ascertain if there is a relationship, we have examined two types of preparations of sections taken in the horizontal plane at the level of layer 4. These are: (i) sections double labeled with basic myelin protein antibody visualized with f luorescein and with a MAP2 antibody visualized with rhodamine examined by confocal microscopy; and (ii) thin sections examined by electron microscopy.
Confocal Microscopy
Using f luorescent confocal microscopy, the red rhodamine labeled apical dendrites (Fig. 16 ) appear as they do in MAP2 labeled preparations at the level of layer 4 visualized by the DAB reaction (see Fig. 10 ). Namely they appear as contiguous, large, irregular aggregates. Between the aggregates of apical dendrites are spaces, some of which contain neuronal cell bodies and others the regularly arranged, vertical bundles of myelinated axons labeled with green f luorescein-tagged myelin basic protein antibody (Fig. 16) . As far as can be determined, there is no spatial relationship between the distribution of the bundles of myelinated fibers and that of the aggregates of apical dendrites. Indeed, for descriptive purposes it appears as though there are three types of vertical compartments in layer 4. Ones that predominantly contain ascending apical dendrites, and others that predominantly contain vertically oriented axons or strings of layer 4 cell bodies.
Electron Microscopy
To determine if this interpretation is correct, a number of photographic montages were made from thin sections passing horizontally through layer 4. A typical result is shown in Figure  17 , which is the low-power electron microscopic image of a thin section passing through layer 4 of a 5 year old monkey (AM 17). In Figure 18 the disposition of the myelinated axons in this micrograph is shown in blue and that of the dendrites in red. As in the double-labeled material examined by confocal microscopy, the vertically oriented myelinated axons are largely contained within bundles and it is evident in thin sections that the bundles also contain many unmyelinated fibers, as well as a few dendrites. Not all of the myelinated fibers are in the bundles, for there are some in the intervening neuropil and a number of them are oriented horizontally. The nerve fibers have a range of sizes. The largest ones have diameters of 2.5 µm, while the smallest have diameters of only 0.5 µm. As in the confocal microscope preparations (Fig. 16 ) it is clear from Figure 18 that the dendrites essentially occupy the space not taken up by either the bundles of axons or the cell bodies of neurons and neuroglial cells. Figure 14 . A horizontal section through layer 4 stained for myelin. This shows the regularly spaced vertical bundles of myelinated axons in cross section (arrows). Note the horizontal fibers that seem to pass between bundles. ×860. Figure 15 . Nearest-neighbor histogram for the distribution of the vertical bundles of myelinated fibers in a horizontal section at the level of layer 4. The curve shows the distribution that would be expected if the axon bundles are disposed at random distances from each other.
Discussion
Vertical Organization in Other Cortices
In other cortices in which the arrangement of the pyramidal cells has been examined, regularly spaced clusters of the layer 5 pyramidal cell apical dendrites have been found to ascend through layer 4 into layer 2/3, where the apical dendrites of that layer are added to the clusters. This arrangement has been found in the somatosensory cortex of the rat (Peters and Walsh, 1972) and in the rabbit and cat sensorimotor cortex (Fleischhauer et al., 1972) , as well as in primary visual cortex of the rat (Peters and Kara, 1987) , cat (Peters and Yilmaz, 1993) , rabbit (Schmolke, 1989) and monkey Sethares, 1991a,b, 1996) , and the prelimbic cortex of the rat (Gabbott and Bacon, 1996) . The apical dendrites of the pyramidal cells of layer 6A do not add to the clusters, but aggregate to form bundles and sheets that pass between the cell bodies of the neurons in layer 5 and then in layer 4, before entering layer 3 where they form their terminal tufts. In cortices in which layer 4 contains pyramidal cells, as in the rat visual cortex (Peters and Kara, 1987) , the apical dendrites of those neurons ascend individually through the cortex, independent of the clusters. The clusters of layer 5 apical dendrites are best seen in horizontal sections taken at the level of layer 4. In some cortices, such as the visual cortex of the rat (Peters and Kara, 1987) and monkey (Peters and Sethares, 1991a) , and in the barrel field of the mouse (White and Peters, 1993 ) the apical dendrites of the clusters form tight groups. However, in the visual cortex of the cat (Peters and Yilmaz, 1993 ) the apical dendrites in the clusters are more loosely arranged and the presence of bundles of apical dendrites of layer 6 pyramidal cells interspersed among the clusters sometimes makes it difficult to distinguish between the two sets of apical dendrites in horizontal sections, as it does in monkey area 18. Figure 16 . A confocal microscope image taken from a horizontal section at the level of the layer 3B/4 border. The preparation was double-labeled with an antibody to myelin basic protein labeled with fluoroscein (green) to show the vertical bundles of myelinated axons, and an antibody to MAP2 labeled with rhodamine (red). It is evident that the bundles of myelinated fibers are regularly arranged and that they are segregated from the aggregates of apical dendrites. ×750.
Organization of Pyramidal Cell Apical Dendrites in Area 18
The organization of the pyramidal cells in area 18 of monkey visual cortex has some features in common with these other cortices, but it also shows some significant differences. The most important difference is that the clusters of apical dendrites from the layer 5 pyramids form their apical tufts at the level of layer 3, as do the apical dendrites of the layer 6A and layer 4 pyramids. The consequence is that in area 18 there are two partially overlapping tiers of pyramidal cells and their apical dendrites. In the deep, or lower tier, the bundles and clusters of the many apical dendrites from the layer 6 and layer 5 pyramids merge to produce swathes of apical dendrites that largely form their terminal tufts in layer 3, along with the pyramids in layer 4. The more superficial tier is formed by the pyramidal cells of layer 2/3, whose apical dendrites ascend to layer 1 largely unaccompanied by any apical dendrites of the pyramids in the deeper layers of the cortex.
Myelinated Axons
The distribution of vertically oriented myelinated axons in area 18 is more regular than that of the apical dendrites. Loose bundles of vertically oriented axons can be first recognized in layer 3, where they pass through the horizontal plexus of fibers that make up the outer line of Baillarger. According to Lund et al. (1981) this horizontal fiber plexus originates from the collateral branches of axons of layer 3B pyramidal cells, as well as from the axons of some pyramidal cells in layer 3B that lack a descending axon and have only horizontal branches (also see Valverde, 1978) . Also, using microinjections of tracers such as biocytin, Levitt et al. (1994b) , for example, have shown that labeled pyramidal cells in layer 2/3 have laterally spreading axon collaterals that terminate in discrete patches and can project for as far as 4mm laterally (also see Rockland, 1985; Malach et al., 1994) . The axons of these labeled layer 2/3 neurons also have descending branches that give off collaterals in layer 5 and contribute to the horizontal plexus in that layer. This pattern is complemented by layer 5 neurons, which send ascending fibers through layer 4 into layer 2/3, where they contribute to the horizontal plexus in that layer (Levitt et al., 1994b) .
The vertical bundles of myelinated axons are most compact in layer 4, where there are few horizontal fibers. In layer 4 the vertical bundles have an average center-to-center spacing of 21 µm, and it is assumed that most of the myelinated fibers in these vertical bundles are efferents from the pyramidal cells of layer 2 and 3, as they are in area 17 (Peters and Sethares, 1996) , since in Golgi preparations (Valverde, 1978; Lund et al., 1981) and in material with injections of tracer (Levitt et al., 1994b) , the axons of many of the pyramidal cells in area 18 can be seen to extend into the white matter. It is also well documented that the large pyramidal cells in layer 2/3 project to areas V3, V4 and V5 (e.g. Pandya, 1979, 1981; Zeki, 1985, 1989; DeYoe and Van Essen, 1985) . Consistent with existence of a wide variety of pyramidal cells in layer 2/3, the myelinated axons in these bundles have a range of sizes, and it should be mentioned that some of the large diameter fibers within the vertical bundles continue into layer 2, and may reach layer 1. Presumably these represent the feedback fibers from later visual areas, since such fibers terminate mainly in layer 1 (Rockland and Pandya, 1979; Shipp and Zeki, 1989) . Further, as in area 17 (Peters and Sethares, 1996) the vertical axon bundles of area 18 contain large numbers of unmyelinated fibers, and presumably these are derived from intrinsic neurons that form interlaminar connections (e.g. Fitzpatrick et al., 1985; Levitt et al., 1994b; Lund et al., 1994) .
A Comparison Between Areas 17 and 18
A comparison between the organization of pyramidal cells in areas 17 and 18 is shown diagrammatically in Figure 19 . Basically, the arrangement of myelinated fibers in area 18 resembles that present in area 17 (Peters and Sethares, 1996) , and the center-to-center spacing of the fiber bundles in the two areas is similar: 23 µm in area 17 and 21 µm in area 18. However, in area 17 the myelinated axon bundles are more compact and there are many fewer horizontal fibers present. This difference would imply that in area 18 there is much more horizontal connectivity than in area 17, and this may contribute to the larger receptive fields of area 18 neurons. Even though there are no quantitative data on the extent of the horizontal connectivity in the two areas, Rockland (1985) and Levitt et al. (1994b) have shown that there are extensive lateral connections in area 18, which are provided by the pyramidal neurons in layer 2/3 and to a lesser extent those in layer 5.
In area 17 the center-to-center spacing of the discrete clusters of apical dendrites of layer 5 neurons that ascend through the entire thickness of the expanded layer 4 are especially obvious at the level of layer 4Cα, since they are the only apical dendrites present at that level, most of the apical dendrites of the layer 6 pyramidal neurons having formed their terminal tufts in layer 4Cβ. In area 18 the situation at the level of layer 4 is very different. There are so many ascending apical dendrites from the infragranular layers that space constraints cause them to aggregate into swathes that concentrate in those portions of the neuropil not occupied by the bundles of myelinated axons.
In area 17 the clusters of layer 5 apical dendrites form the foci around which the apical dendrites of the layer 2/3 pyramids aggregate as they ascend towards layer 1. But since most of the apical dendrites of the layer 5 neurons in area 18 form their terminal tufts in lower layer 3, the grouping of apical dendrites of the pyramidal neurons in layer 2/3 is independent of the clusters of layer 5 apical dendrites. Nevertheless, the efferent Figure 18 . The disposition of the cell bodies (grey) and of the myelinated fibers (blue) and dendrites (red). This confirms that the axons in the myelinated fiber bundles are largely segregated from the dendrites, which are dispersed thoughout the remaining neuropil. It is useful to compare this figure with the confocal microscopic image in Figure 16 . axons of the layer 2/3 pyramids form vertical bundles that have a packing density not very different from that of the vertical bundles in area 17.
Clearly, except for the regular arrangement of the vertical bundles of myelinated axons, the modular organization of pyramidal cells that is so evident in area 17 is not mimicked in area 18. Any regular clustering of apical dendrites is masked, due to the large numbers of pyramidal cells in the deeper layers of this cortex and the fact that most of their apical dendrites form terminal tufts in layer 3. This may contribute to making the receptive fields of neurons in area 18 two to three times larger than those in area 17 (e.g. Hubel and Livingstone, 1987) . Other significant differences between areas 17 and 18 include the disposition of apical dendritic tufts of their pyramidal neurons, relative to feed-forward projections that terminate primarily in layer 4, and feed-back projections that terminate primarily in layer 1 (Rockland and Pandya, 1979; Salin and Bullier, 1995) . For example, in area 17 layer 6A neurons can receive substantial signals fed forward from the lateral geniculate nucleus via their apical dendritic tufts in layer 4C, whereas activation of other non-layer 4 neurons requires intracortical relays. In contrast, in area 18 feed-forward signals from area 17 would activate both layer 5 and layer 6A pyramidal neurons via their apical dendritic tufts in layer 4. In the reverse direction, signals that are fed back to area 18 from rostral areas, and which primarily terminate in layer 1, can have a substantial impact on layer 2 and 3 pyramidal cells through their apical tufts, leaving pyramidal cells in other layers largely unaffected. This is different from area 17, in which the feed-back signals to layer 1 (Rockland, 1994) can be received by the apical tufts of pyramidal cells in layers 6A, 5, 3 and 2. Thus, it can be speculated that the inf luences and interactions between feed-forward and feed-back signals are quite different in areas 17 and 18.
